I. Introduction
Positive temperature coefficient of resistivity (PTCR) materials are widely used in the electronics industry for, inter alia, applications including temperature sensors, time delay circuits and current limiters for overvoltage or overcurrent protection, overheat protection, current stabilizers. There are four main materials groups in the PTCR family: BaTiO3-based or quasi-BaTiO3-based ternary perovskite compounds, 1-9 ceramic composites, 10, 11 polymer composites, 12, 13 and V2O3-based compounds. 14, 15 BaTiO3 is an insulator at room temperature but donor-doped BaTiO3 with ions such as La , Nb 5+ presents semi-conducting behaviour at room temperature and an anomalous increase in resistivity near the ferroelectric-paraelectric Curie transition temperature Tc. 16 This PTCR effect (shown schematically in Figure 1 ) in barium titanate was first developed in the early 1950s in the Philips Research Laboratories in the Netherlands. 17 Over the past 50 years, diverse applications have triggered research efforts directed toward understanding compositional and structural issues that govern the electrical properties. The screening of dopant candidates from the periodic table has been well scrutinized [18] [19] [20] and several models to explain the temperature-resistivity relation have been derived. [21] [22] [23] [24] [25] In the past five decades, there have been few reviews on the PTCR effect in doped barium titanate. Saburi 21 first reviewed semiconducting properties and their relations to the composition of BaTiO3 doped by a variety of donor dopants. He 26 also described and surveyed the processing techniques, fundamental characteristics and applications of PTCR BaTiO3 ceramics. In a review by Daniels et al. 27 the nature of the PTCR effect of donordoped barium titanate as determined by the conditions of the lattice defects including the oxygen vacancies or/and cation vacancies was described. The thermodynamic and kinetic aspects were discussed. In Nowotny's review, 7 models that have been developed to explain the PTCR phenomenon were compared and discussed. He also listed some materials and processing procedures that could affect PTCR characteristics. In Huybrechts' review, 6 the resistivity-temperature behaviour of PTCR materials by the Heywang-Jonker model was explained. The type and origin of trapped electrons at the grain boundary which cause the PTCR effect were analyzed and the influences on the PTCR effect of changing the processing parameters were presented. Besides those reviews, articles introducing the PTCR effect in BaTiO3 can also be found in several books. 16, 28 However, what is elusive is an explanation of the interrelationships between compositions, microstructures, processing and PTCR properties of donor-doped BaTiO3 materials and a systematic description of all the factors that can influence the PTCR effect. Moreover, there has been tremendous progress in investigating the PTCR effect in barium titanate materials in the last 15 years without a proper review article; a new review in this field is therefore appropriate.
This paper is an attempt to provide a more complete understanding of the interrelationship of compositions, microstructures, processing and PTCR properties. In section II, several mechanisms, including the well-acknowledged Heywang-Jonker model and others which interpret the PTCR effect in donor-doped BaTiO3 are summarized, noting that there is still controversy in terms of the origin of the semiconductivity at room temperature. In the following three sections, the influence on the PTCR effect by altering the composition (Section III), the processing (IV) and the microstructure (V) are discussed in turn. In the final section, the emerging trends of research of advanced donor-doped BaTiO3 PTCR materials are briefly addressed.
II. Theory
There is a general agreement that the anomaly in the change of electrical resistivity of donor-doped BaTiO3 around Tc is due to the grain boundary effect. No PTCR effect has been observed in BaTiO3 single crystal. 29 Furthermore, it is clear from impedance-plane analysis that the semiconducting characteristics of bulk grains is independent of either temperature or donor concentration.
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A. The Heywang-Jonker Model
The most accepted model to explain the PTCR behaviour in donor-doped BaTiO3 materials is the Heywang-Jonker model proposed by Heywang 22 and extended by Jonker. 24 Since this model is a fundamental guideline for the understanding of PTCR effect in BaTiO3-based materials, it is necessary to be reviewed again here. There is a bi-dimensional layer of electron traps, i.e. acceptor states, along the grain boundaries of BaTiO3 (shown in Figure 2) exhibiting different electrical properties from those of the bulk phase. The potential barrier where e is the electron charge, ε0 the permittivity of free space and εgb the relative permittivity of the grain boundary region.
The overall resistivity, ρ, is related to the height of the potential barrier by
where A is a geometrical factor and k the Boltzmann constant. Because BaTiO3 is ferroelectric, the dielectric constant, ε, obeys the Curie-Weiss law above its Curie temperature and is given by where C is the Curie constant and T the absolute temperature. Incorporating equation (2) and (4) into (3) and rearranging yields:
Above the Curie point when doped BaTiO3 is in the paraelectric phase, the grain-boundary permittivity which follows the Curie-Weiss law decreases with increasing temperature. The corresponding potential barrier increases proportionally and results in steeply increasing resistivity which depends exponentially on the potential barrier as denoted by equation 3.
The energy of the trapped electrons in the grain boundary rises with temperature together with the potential barrier. When the energy of the electron traps reaches the Fermi level, trapped electrons start to jump to the conduction band, which can depress the increase in 0 φ and ρ, thus ultimately enhance the conductivity. This also explains the negative temperature coefficient resistivity (NTCR) effect when passing the point ρmax (Figure 1) is ferroelectric with its polarization along the tetragonal crystal axis. The polarization direction is different from grain to grain because each adjacent grain has a different crystal orientation. Therefore, it creates a net polarization vector (PN) normal to the grain boundaries, producing surface charges at the grain boundaries which are illustrated in Figure 3 . In the areas with negative surface charges, which are around 50% of the grainboundary area depending on the nature of the ferroelectric material, potential barrier height diminishes or even disappears resulting in the disappearance of the grain boundary resistance. For the other half of the domains containing positive charges, the potential barrier is, of course, getting higher. However, this does not matter as the conducting electrons always follow the path with the lowest barriers so that the material as a whole has low resistivity. This theory is experimentally supported by Huybrechts' work. There are still some controversies in the well-accepted ideas of changing compensation mechanisms affecting the conductivity of donor-doped BaTiO3. According to the charge compensation theory, the donor-doped BaTiO3 should contain an electrically heterogeneous structure regardless of both the composition and subjecting processing parameters because of the cation-stoichiometric difference between the grain core and grain boundary as compared with the electrically homogeneous structure of undoped BaTiO3. However, Morrison et al. 48, 49 observed by impedance spectroscopy that there is no semiconducting grain interior in lightly donor-doped BaTiO3 after sintered in O2, which suggested that the material was electrically homogeneous. They also announced that there was no finding of change in cation stoichiometry or precipitation of secondary phase in donor-doped BaTiO3 samples with varied donor concentrations which were sintered in air or argon. Yet it is generally believed that, according to the conventional charge compensation mechanisms, the appearance of a change in cation stoichiometry is required in donor-doped BaTiO3 when a switch from insulating to semiconducting and vice versa occurs. They 50 hence
proposed an alternative explanation: the oxygen nonstoichiometry, which is dependent on the oxidized/reduced state at the grain boundary is the main reason for the semiconducting behaviour of donor-doped BaTiO3. Furthermore, the production of semiconducting undoped cation-stoichiometric BaTiO3 which exhibits a modest PTCR effect by losing a small amount of oxygen 51 supports their view.
In spite of these discrepancies, there is one common theme that the overall origin of the electrical properties of donor-doped BaTiO3 is a grain boundary effect and greatly influenced by the defect structure on the BaTiO3 perovskite crystal lattice. 52, 53 The proposed grain and grain boundary structure of donor-doped BaTiO3 is schematically displayed in Figure 4 . 54 According to the results of measurements of complex-impedance spectra and microstructural analysis by TEM, 54, 55 the grain system's structure is postulated as having three distinct regions ( Figure 4 (b)) and its equivalent electric circuit model is shown in Figure 4 (a). The outer layer is an oxidised, insulating grain boundary region; the intermediate layer is reoxidized, semiconducting outer grain region and the inner layer is an oxygen deficient grain interior, again, a semiconducting inner grain region. This heterogeneous structure in grains system is supported by both the phenomenon of heterogeneous electric structure of donor-doped BaTiO3 and direct imaging from conductive atomic force microscopy technique.
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III. Effect of Composition of BaTiO 3 -based Materials on the PTCR Properties
Pure BaTiO3 sintered in air is an insulating material at room temperature and no PTCR effect can be observed; however, it turns to a semiconductor at room temperature by doping with various donor dopants such as trivalent ions (e.g. La donor-doped only BaTiO3. 59 In addition, the additives which play a crucial role in the fabrication of BaTiO3-based PTC thermistors can be mainly distinguished as two kinds:
aliovalent dopants and isovalent dopants.
A. Aliovalent Dopants
The effect of the aliovalent dopant on the bulk electrical conductivity is strongly dependent on its substitution site in the BaTiO3 perovskite structure. likewise has an effect on the preference of the incorporation site of some donor elements such as holmium. 65 Significant substitution of Ho onto Ba sites as a donor occurred in a reducing atmosphere while Ti replacement as an acceptor was preferred when sintered in air.
It is generally observed that the room-temperature resistivity of donor-doped BaTiO3 rapidly increases beyond the critical donor concentration because donor ions are preferentially segregated at the grain boundaries. 31, 66 Desu et al. 67, 68 found that at low donor concentration, the donors are compensated electronically, giving a high conductivity.
When the donor concentration increases, the donor concentration at the grain boundaries increases even faster due to the segregation until it exceeds a critical level; the compensation mechanism thereafter shifts from electronic compensation to ionic compensation of the donor centre in the grain-boundary region. Hence it creates an insulating layer at the grain boundaries. The total resistivity of the sample can be represented by the grain bulk resistivity and the resistivity from the dopant-segregationinduced insulating region in the grain boundary. The greater the difference in ionic radius between the substitutional dopant and the host ion, the higher is the tendency for such interfacial segregation to occur. Therefore, the difficulty in preparing semiconducting donor-doped BaTiO3 increases with the radius misfit between the donor and the host ion. 68 Furthermore, Peng 69 and Ting 70 found that when acceptors were added into donor overdoped BaTiO3 insulating material, in which the concentration of donor had exceeded the critical level, the specimen was able to recover some of its semiconducting property. This phenomenon might be explained by assuming that those acceptors inhibit donor segregation at grain boundaries. 71 Nevertheless, the nature of the acceptor states is still little known. 
B. Isovalent Dopants
IV. Effect of Processing on the PTCR Properties
It is well known that impurities and lattice imperfections play an important role in the exhibition of the PTCR effect in doped-BaTiO3 materials. 83 Their conductivities are considerably influenced by both the intrinsic defects such as oxygen vacancies as well as cation vacancies and the extrinsic defects produced by adding dopants. 69 Furthermore, not only can the equilibrium behaviour of these defects but also the way of defect formation affected by varying sample preparation methods play a crucial role with respect to the semiconducting properties.
A. Effect of Doping Methods
Electrical performance in donor-doped BaTiO3 ceramics is strongly related to the grain structure. Significant differences in microstructure were observed in samples with the same nominal composition prepared by different doping methods even with the same sintering procedures and hereby different PTCR characteristics were exhibited. 84 Hydrothermal synthesis or sol-gel methods can be used to produce donor-doped BaTiO3 systems contained nano-size grains, with high crystallinity and well-dispersed dopants. However, very high room-temperature resistivities and poor PTCR jumps were observed in materials prepared by such method compared with the conventional solid state reaction route. 100 This phenomenon may be due to the significant change in microstructure and phase content of the deposited thin film compared with its target material. In addition, the evidence that donor element segregates to the surface and the amount of dopant is drastically reduced below the near-surface region of the thin film sample indicates that the ineffective doping is the cause of the contrasted resistivity values for thin film form and bulk sample. 101 BaTiO3-based PTCR ceramics fabricated by thick film methods such as tape-casting, 102 slip-casting and roll forming 103 have similar microstructure and PTCR characteristics compared with those made by conventional die-pressing methods; nevertheless samples produced by these thick film techniques have higher roomtemperature resistivity which is partly due to the high porosity caused by the burning of larger amount of organic additives which were added to facilitate the forming processing.
The PTCR effect in donor-doped BaTiO3 is very sensitive to firing conditions. [104] [105] [106] Pure stoichiometric BaTiO3 which is an electrically insulating material at room temperature after sintering in air can become semiconducting and exhibit a PTCR effect when sintered at 1450°C in nitrogen and subsequently quenched. 51 Unlike the segregation of extrinsic defects introduced from foreign dopant elements accommodating in grains and grain boundaries which change the PTCR profiles directly, changing the sintering parameters can change the PTCR characteristics by introducing intrinsic defects such as oxygen vacancies or cation vacancies. Oxygen from the BaTiO3 lattice is gradually lost at high sintering temperature resulted in increasing electrical conductivity; however, the oxygen-deficient material rapidly reoxidizes either on reheating at lower temperatures or on cooling slowly in high oxygen partial pressures. Hence applying reducing atmosphere during sintering can facilitate the conductivity of donor-doped BaTiO3 and enhance the critical donor concentration significantly.
107,108
The room-temperature resistivity of donor-doped BaTiO3 increases with sintering temperature and dwell time which is attributed to an increase in the amount of acceptorstates along grain boundaries. 109 , 110 Kahn 111 and Zubair 112, 113 found that the resistivity of donor-doped BaTiO3 increases as the rate of cooling is reduced as seen in Figure 7 . The authors claimed that this is due to an increase of the activated surface state density in grain boundaries caused by the oxidation during the cooling cycle. However, LaCourse 106 observed that when quenched the Y-doped BT from the sintering temperature, the resistivity below Tc was analogous with that of the sample subjected normal cooling rate as 5°C/min in comparison with the significant lower resistivity exhibited from the sample quenched from 200 °C below the sintering temperature. This is due to the immediately solidified liquid phase staying in the grain boundary increases the thickness of insulating grain boundary layer and hence increases the room-temperature resistivity. The heating rate can also have an influence but has a minor impact on the PTCR characteristics. 114 Liu 115 also
observed that an improvement of room-temperature conductivity of lightly donor-doped BaTiO3 can be occurred when a secondary thermal treatment is subjected by reheated the sample to 400~650 °C for 20~40 minutes after firing processing. This is resulted from the relief of internal stress in the crystal lattice through more directional domain alignment thereby reducing the electrical potential barrier. Furthermore, lower room-temperature resistivity of Nb-doped BaTiO3 is obtained by employing a microwave heating technique comparing with conventional sintering in an electric furnace. 116 The mechanism of improvement of PTCR characteristics caused by microwave sintering is still under active investigation.
V. Microstructure-PTCR Property Relationships in Donor-doped BaTiO 3
The PTCR behaviour of donor-doped polycrystalline BaTiO3 ceramics is known to be dependent on microstructural aspects such as grain size, domain orientation, phase profile and porosity. It has been generally observed that the room-temperature resistivities (ρ RT iii.) The high room-temperature resistivity of donor-doped BaTiO3 with small grains can be also accounted for by the strain effect at grain boundaries. The strain which is caused by interfacial segregation of dopants and formation of cation vacancies at grain boundaries increases the potential barrier and hence increases the resistivity. 67 This strain effect becomes more significant for small grain systems and alters its electric properties significantly.
iv.) The mechanism that causes the electrical insulating behaviour of donor-doped BaTiO3 with nano-sized grains is more complex. There may be a shift of tetragonalcubic phase transition temperature due to the size effect. Begg et al. 119 reported that when the size of BaTiO3 particles is below about 190 nm, the cubic rather than the tetragonal phase is thermodynamically preferred at room temperature. Further investigation by Yashima et al. 120 confirmed that the Tc of nano-grained BaTiO3 is suppressed with decreasing particle size and a ferroelectric-paraelectric transition occurs below room temperature leading to disappearance of the PTCR effect above room temperature. Park et al. 121 also verified that the crystal phase of the nanograined BaTiO3 ceramics is a mixed state of the tetragonal and cubic phases. This may well explain the insulating phenomenon at room temperature for donor-doped
BaTiO3 made by thin-film processing [122] [123] [124] or some sol-gel methods because the BaTiO3 grains are nano-size.
There is a common observation that the grain size of donor-doped BaTiO3 decreases rapidly with increasing donor concentration after exceeding the critical concentration and leading to a rapid increase of resistivity. Desu et al. believed, based on Auger electron spectroscopy (AES) results, that this phenomenon is due to the impediment of the boundary mobility caused by interfacial segregation of dopants, including donors and acceptors, at the grain boundaries. 66, 68 As the average donor concentration increases, the excess local concentration of donor at the grain boundary resulting from interfacial segregation would not only retard grain growth but also shift from electronic to ionic compensation, resulting in the formation of highly resistive layers.
Within the same composition, higher PTCR jump (Rmax/Rmin ratio) is generally achieved in donor-doped BaTiO3 samples with a heterogeneous grain size distribution and having an optimum porosity, in comparison with materials with large dense grain structures.
Kuwabara 125 found that the magnitude of the PTCR jump reaches a maximum at an optimum sintered density (≈75-85% of theoretical density) and then decreases with increasing density. Those results were partially interpreted that the samples with very dense grain structures, i.e. low porosity, indicating containing higher level of conducting-grain to conducting-grain contacts, thus have poor PTCR resistivity jump at Tc. 126 In addition, the enhancement of the PTCR jump by increase of porosity 127, 128 from very dense structure may also be due to the assistance for oxygen transport into the ceramic bulk hence facilitating the oxidation of grain boundaries, 129 which increases the potential barrier and hence the electrical resistivity. However, it is difficult to specify the optimum combination of the grain size and the porosity of as-sintered donor-doped BT sample in order to satisfy both the need for lowering the room-temperature resistivity and increasing PTCR jump.
The domain structure within grains of a donor-doped BaTiO3 can reveal the level of doping.
Roseman 126 claimed that an optimal amount of donor can produce unidirectional domain microstructure and domain randomness is only observed in the near grain boundary regions;
nevertheless for under-doped and over-doped cases, the domain orientations and widths are random. This phenomenon is suggested to be associated with the Jahn-Teller effect. The spherically asymmetric defect field of optimally donor-doped BaTiO3 can be aligned spontaneously by internal stress generated from Jahn-Teller distortion and this type of defect can, therefore, act as nucleation sites for the ferroelectric phase upon cooling through the Curie point. However, for under-doped samples, the distorted defect field does not dominate the domain nucleation sources; in case of over-doped BaTiO3 samples, the defect compensation mechanism switches to cation vacancy compensation hence the Jahn-Teller distortion no longer exists. As the electron mobility is anisotropic in the tetragonal unit cell in donor-doped BaTiO3, the aligned domains can facilitate conducting electrons and thus enhance conduction. This can explain why optimal donor-doped BaTiO3 exhibits the lowest resistivity at room temperature. 126 The PTCR properties are strongly controlled by the microstructural aspects of donor-doped BaTiO3 which is highly sensitive to the cation stoichiometry 90, 117, 130, 131 and processing parameters. 46 Understanding the relationship between microstructure and the PTCR effect and the ways in which microstructure can be changed by chemistry and processing conditions not only help to optimize the performance of PTCR materials but also master potentially the capability for tailoring the PTCR properties by targetedly adjusting composition and processing parameters.
VI. Emerging Trend and Conclusion
After half a century's development, the technologies for fabrication of advanced PTCR thermistors have vastly expanded and improved. The requirements for new PTCR sensors are miniaturization, environmental acceptability and optimizing the PTCR effect by reducing Rmin, increasing the PTCR jump, decreasing the response time near Tc, increasing
Tc and obtaining voltage independence. The single-donor doping system may be inadequate to satisfy all these needs. Multiple-donor systems are considered as potential solutions.
Currently double-donor doping systems including Y2O3+Nb2O5 132 and Sb2O3+Nb2O5 133 have been investigated leading to lower room-temperature resistivity. However, the coinfluence of the multiple-donor system still remains poorly understood.
Fabrication of multilayer structures of semiconducting BaTiO3 ceramics provides another way to decrease the room-temperature resistivity. 134 This method has the advantage in substantially reducing the room-temperature resistivity over those that rely on change of compositions or heat-treatment parameters because it creates a parallel electric system.
However, it is very difficult to co-fire BaTiO3 having PTCR characteristics with an internal electrode system because the need for an oxidizing atmosphere oxidizes base metal electrodes causing severe deterioration to the ohmic contact with the n-type semiconducting
BaTiO3
. 135 On the other hand, if sintered in a reduced atmosphere, the PTCR effect would be substantially compromised. 38 Therefore, a procedure that prevents oxidation of the internal electrodes without sacrificing the PTCR characteristics during firing is required.
So far, commercially available PTCR thermistors with Tc > 130°C are mainly based on Pbdoped BaTiO3 ceramics. Because of the toxicity of lead oxide and detrimental influence on the environment during the preparation of Pb-contained products, considerately effort is devoted to compositional developments of lead-free PTCR ceramics. Recently, an excellent PTCR effect at 170°C has been reported in the La-doped 95BaTiO3-5(Bi0.5Na0.5)TiO3 (BT-BNT) ceramics. 136 Furthermore, without adding any foreign donor dopant, a PTCR effect was found in pure BT-BNT solid solution ceramics with low BNT contents. 5, 137 The BT-BNT system shows PTCR properties comparable to those of lead-containing BT ceramics.
However the noncompetitive PTCR jump and strong sensitivity to the oxygen atmosphere during sintering lag its applications. Research is ongoing to tackle those disadvantages. 138, 139 In addition, similar system like BaTiO3-(Bi0.5K0.5)TiO3 also attracts many interests most recently. [140] [141] [142] Other new systems of lead-free high Curie temperature PTCR ceramics are also demanded.
The PTCR effect in nanograined BaTiO3 ceramics is hardly realized regardless of the compositions or processing parameters. This barrier has limited the application of modern nanotechnologies such as using nanoparticles or thin-film fabrications. Most recently, a few articles have reported that PTCR characteristics could be found in nanograined BaTiO3 ceramics synthesized from surface-coated nanopowders. 121, 143 More work is needed to explore new methods that are able to make very fine grained (≈1 μm) BaTiO3 ceramics exhibiting good PTCR effects which would be a significant step towards creating the next generation miniaturized PTCR devices.
The conventional fabrication methods of PTCR materials are time consuming especially for making different batches having different compositions. Hence high-throughput fabrication of PTCR products in applications to both industrial and research is desire. Currently, a freeforming method of making thick-film PTC thermistor by paste extrusion technology combined with laser sintering is reported. 144 This technique does not require any high temperature post processing as oven-fired is required for PTC ceramics produced by all other methods. This can inspire the new applications of PTCR products in rapid-prototyping which has never been reported before. The development of PTCR materials is still very often a kind of empirical ("trial and error") science; therefore the high-throughput combinatorial method is a key to the speed-up of production of optimized materials. The
London University Search Instrument (LUSI) has been proved the working of the automation system on producing and measuring combinatorial libraries of microwave dielectric ceramics including Ba1-xSrxTiO3 (BST) 145 and Ba1-xCaxTiO3 (BCT) 146 families.
The new study of using such technique on BaTiO3-based PTCR ceramics will be reported and discussed.
In this paper, the state of art in the field of positive temperature coefficient resistivity in
BaTiO3-based ceramics is described. Several models to elucidate the PTCR effect in donor- 
